Introduction
High-intensity off-resonance laser fields from ultrafast laser pulses can cause very large electric field gradients. Molecules can experience a large torque along the polarization vector of the field due to their anisotropic polarizability. With long laser pulses the torque is enough to cause adiabatic alignment; 1,2 however, with ultrafast pulses the torque provides an "instantaneous" kick toward alignment. 3 Pulses with peak intensities of 10 13 W/cm 2 generate electric fields of 1 V/Å, causing significant changes in the electronic energy levels of the molecule. When the electronic states have different geometry, the fast strong field excitation process leads to molecular structure deformation. In this report we study alignment and deformation for a number of molecular species using the time resolved transient grating (TG) method. For CS 2 , we obtain angle resolved ion yields following Coulomb explosion in the molecular beam and find evidence for the molecular deformation.
This study bridges these two types of measurements and provides experimental evidence regarding alignment and structural deformation. The results presented here shed new light on the understanding of the behavior of molecules in the presence of intense and ultrashort laser fields. 4 In Figure 1 , we illustrate the dependence of the electric field trap depth measured in Kelvin for molecules with relatively large anisotropic polarizability (for example, CS 2 ). Laser intensities of 10 11 W/cm 2 are enough to align cold (10 K or less) molecules, for example, from molecular beams. 5 Also shown in Figure 1 is the electric field strength as a function of the peak intensity of the laser. The electric field is calculated using E ) (2IZ 0 ) 1/2 , where Z 0 is the resistivity of a vacuum (376.7 Ω) and I is the peak intensity of the laser pulse. For laser intensities of 10 12 W/cm 2 , the electric field can exert sufficient force on a molecule to cause alignment. Higher peak intensity fields, ∼10 13 W/cm 2 , produce an electric field strength that is comparable to that experienced by valence electrons in molecules (∼1 V/Å), and structural deformation takes place. At these electric field strengths, ionization takes place, and at higher laser intensities, multiple ionization and Coulomb explosion are observed.
The observation of molecular alignment stemming from highintensity nonresonant laser excitation has been theoretically explored by Friedrich and Hershbach. 1, 6 The intense laser field causes an induced dipole in the molecule, which suppresses the rotational motion and leads to aligned pendular states. 1, 6 Friedrich and Herschbach developed the laser induced alignment theory based on earlier observations of dissociative multiphoton ionization experiments on CO and I 2 with intense infrared lasers conducted by Normand et al. 7 and Dietrich et al., 8 respectively. Demonstrations of the laser induced alignment technique have been conducted by Kim and Felker on large nonpolar molecules 2, 9 and by Stapelfeldt and co-workers on smaller molecules. 10, 11 Posthumus et al. have examined the multiphoton dissociative ionization of H 2 , N 2 , and I 2 with 50 fs pulses and found that only H 2 and N 2 showed alignment characteristics. 12 Corkum and co-workers have combined intense off-resonance chirped circularly polarized fields to induce rotational acceleration and thus constructed a molecular centrifuge. 13 Alignment with resonant intense laser fields has been examined theoretically by Seideman. When on-resonance fields are used, the intensity does not have to be as strong as that in off-resonance experiments to generate alignment. 14 She noted that as the mass of the molecule increased (and thus the rotational period increased), longer pulse duration was required to align the molecules. The study by Brown et al., on the resonant excitation of I 2 using 50 fs pulses, confirmed the propensity for multiphoton excitation rather than alignment for a relatively heavy molecule. 15 Nonresonant excitation is advantageous, especially with larger molecules, because there is less propensity for ionization. 14 Ortigoso et al. calculated the conditions (laser pulse and rotational constant of the molecule) for which recurrences of alignment can be expected with nonresonant short pulses. 16 One of the most widely used methods for studying the behavior of molecules under intense laser fields is the Coulomb explosion (CE) method. In the CE method, the ultrafast intense field causes multiple ionization of the parent molecule. Mapping the distribution of the fragment ions gives information about the molecular structure prior to explosion. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] While very powerful, it is very difficult to determine a sequence of events leading to the observed fragment distribution using the CE method. For example, it is important to determine if structural deformation takes place in the neutral molecules or it arises after ionization. Similarly, it is important to determine the laser intensity that causes alignment and deformation, an aspect that is difficult to determine by the CE method. This specific question is addressed in this study.
Research from our group has taken advantage of the experimental measurement of rotational recurrences following the formation of an off-resonance polarization transient grating, a method introduced by Heritage et al. 34 With femtosecond pulses one is able to make much more accurate determinations of rotational constants and hence better determination of molecular structure. [35] [36] [37] Soon after, we recognized that the transient grating method would allow us to measure alignment and molecular deformation induced by the strong off-resonance field provided the third pulse (the probe) was kept at a low and constant intensity while the first two pulses, which coincide in time and form the transient grating, provide the strong field. This setup was used to make our first observations of alignment and structural deformation following intense off-resonance excitation. [38] [39] [40] The presentation is organized as follows. We present briefly the laser systems and experimental setups used for our measurements. In the Results section we present results obtained by time resolved transient grating measurements. We then present results obtained from strong field multiphoton excitation of CS 2 and analyze the angular distribution of the fragment ions. In the Discussion we correlate the different measurements and analyze them in terms of alignment and structural deformation. Because these two experimental methods probe different species (ion fragments in Coulomb explosion and neutrals in transient grating), it is important to determine if there is good agreement between the two and by comparison learn about the time scales of molecular alignment and structural deformation, as compared to ionization and Coulomb explosion. Finally, we draw conclusions about the effect of strong laser fields on molecules and about the time scale for both structural deformation and ionization in these experiments.
Experimental Section
The data presented come from two different laser systems. Most of the data were acquired with a home-built colliding pulse mode-locked dye laser (CPM), pumped by a CW Nd:YLF laser. The output from the CPM is centered at 620 nm and is amplified using a four-stage dye amplifier pumped by a 30 Hz Nd:YAG laser. A double-pass prism pair recompresses the pulses after amplification to produce 60 fs pulses. For the CE experiments we double-passed the fourth stage to obtain greater energies per pulse but longer pulses, ∼80 fs. The pulse energy used for each experiment is indicated in the text. The transient grating experiments were obtained using the forward box geometry. The first two high-intensity laser pulses coincided in time and were followed by a weak probe pulse delayed by a computer controlled actuator. The three pulses were horizontally polarized. The signal registered corresponds to the diffraction of the probe laser from the transient grating formed by the two intense pulses. 37 The degree of molecular alignment and deformation are measured from changes in the rotational recurrence intensity and shape observed after field-free evolution of the rotational wave packets. The data for CO 2 were obtained using a regeneratively amplified titanium sapphire laser producing 1 mJ, 50 fs pulses centered at 800 nm.
For TG experiments (see Figure 2 , top) the intensity of the first two laser pulses was varied between 10 10 and 10 13 W/cm 2 using a set of matched neutral density filters, all with the same substrate thickness. The intensity of the third pulse, the probe, was maintained at a fixed 10 10 W/cm 2 . The signal was collected background-free at the phase matching geometry. The samples were introduced in a 10 cm long cylindrical quartz cell. In some cases, for example in CS 2 , a coldfinger in the cell was kept in ice to reduce the sample density. Sample densities were 400 Torr for C 2 H 2 and CO 2 , 100 Torr for CS 2 , and 150 Torr for C 6 H 6 .
Ionization data were obtained using a molecular beam apparatus (see Figure 2 , bottom). The samples were introduced using He as a carrier gas, which entrained some of the vapor pressure of the sample. The sample and carrier gas (He, 1700 Torr) expanded through the 1 mm diameter aperture in the pulsed valve. A 2 mm diameter skimmer produced the molecular beam, which proceeded to the ionization chamber. The pulses 0.25 mJ in energy were focused onto the molecular beam by an f ) 150 mm lens. The diffraction size of the beam in the focal plane is estimated at 20 µm, and the experimentally determined beam size is 26 µm. At the focus, the peak power on the molecular beam then is 4.6 × 10 14 W/cm 2 . The voltages on the extractor and repeller plates were kept at 1800 and 2500 V, respectively, with a distance between them being equal to 1.5 cm. The pressure in the ionization chamber was ∼8 × 10 -8 Torr when the valve was closed and ∼7 × 10 -7 Torr when the valve was operated at 30 Hz. The ions were allowed to travel in a drift-free zone of 50 cm before being detected by a microchannel plate. Twenty time-of-flight mass spectra (TOF-MS) were averaged before they were analyzed. The polarization dependence of the ion intensities was obtained taking advantage of a zeroth-order half-wave plate, which was rotated manually from 0 to 180°in 15°increments with respect to the time-offlight axis. A calcite polarizer was used to ensure very high polarization purity (greater than 1:10000) of the beam.
Results

A. Evidence of Alignment and Structural
Deformation from Transient Grating Measurements. Three-pulse transient grating experiments were carried out to explore the occurrence of alignment and structural deformation. The full rotational recurrence of CS 2 is expected at 76.5 ps. 34, 37 When the laser pulses are weak, this feature can be observed and accurate rotational constants can be determined. 37, [40] [41] [42] [43] [44] In Figure 3a , we show experimental data for the case when all laser pulses are weak. The simulation of the data with no adjustable parameters fits well the experimental results (see Figure 3a) . When the laser intensity of the first two pulses is increased by an order of magnitude, the full rotational recurrence observed increases in intensity. The data obtained at this intensity can still be fitted by a room-temperature distribution of linear CS 2 molecules (see Figure 3b ). Under these conditions, signal intensity can only increase if there is a larger anisotropic polarization of the sample. This higher polarization results from a greater number of molecules being pulled into alignment by the electric field. Previous work describing the time scales needed for alignment has considered the very low temperature available in molecular beams. 5, 45 At the higher temperatures here, the time scale of molecular rotation is much closer to the pulse duration of the laser. The rms rotational time of CS 2 at room temperature is 1.8 ps (J rms ) 62). This means that, during the 60 fs laser pulse, a molecule with the rms rotational energy can rotate 15°.
Simulations of TG data presented here follow the quantum mechanical expression for the time dependent susceptibility, [35] [36] [37] 46 where 2 for the molecule, 47 B v is the vibrationally dependent rotational constant, D is the 
centrifugal distortion constant, is the anisotropic polarizability, T is the temperature, N is the number density, F J is the normalized rotational distribution including spin statistics (g J ) for all natural isotopes, 48
and q v is the normalized thermal vibrational distribution for all ground-state vibrational modes. Due to the off-resonance nature of the process, ∆J ) 0, (2, rotational recurrences are seen every τ rec ) 1/(4Bc). The homodyned TG signal is given by |(kT) -1 dP/dt| 2 while the heterodyned TG signal is given by -(kT) -1 dP/dt. [35] [36] [37] 46 For samples containing molecules with different rotational constants, the homodyned signal is given by |(kT) -1 (dP 1 /dt + dP 2 /dt)| 2 , leading to interference terms between the two populations. 40 We have used eq 1 to simulate all the transient grating data. For high-intensity excitation, some deviations are expected in the rotational population distribution caused by Rabi cycling (multiple Raman transitions). Because our experiments are carried out at room temperature, with a broad initial rotational distribution, a very large number of Rabi cycles (>100) would be needed to observe a change in the recurrence structure. When the intensity of the first two pulses is increased above 10 12 W/cm 2 , the full rotational recurrence increases in intensity and changes shape (see Figure 3c ). Most markedly, the first feature increases in intensity by a factor of 2. The features observed at long time delays, >77.5 ps, increase in intensity, and new oscillations are observed. Attempts to explain the observed changes in the rotational recurrence structure by changes in the rotational population caused by Rabi cycling in the strong field in the manner of Rosca-Pruna and Vrakking 49, 50 have been shown to be inadequate to explain our experimental results. 40, 51 A broadened rotational population leads to narrowing of the rotational recurrence and to a lower intensity of the first feature; our data show the opposite behavior. 39, 40, 51 Similarly, bond softening has been considered and found to be inconsistent with our data. 40, 51 Simulation of the data for high-intensity excitation shown in Figure 3c is compatible with the presence of bent molecules. A static bond angle of 160°(B ) 0.110 536 cm -1 , C ) 0.109 995 cm -1 ) was used in our simulation to reproduce the experimental data. The quality of the fit together with evidence from the CE experiments presented below strongly supports field induced bending of the CS 2 molecules.
B. Evidence of Structural Deformation for Coulomb Explosion. To corroborate the observed molecular structure changes, we studied the effects induced by the strong field in Coulomb explosion experiments. In Figure 4a , we show the TOF-MS resulting from excitation with pulses with 4.6 × 10 14 W/cm 2 peak intensity. In addition to the parent ions (CS 2 + ), (CS 2 2+ ) multiple fragments are observed. We distinguish the singly ionized fragments (C + and S + ) from the doubly ionized fragments (C 2+ and S 2+ ). In Figure 4b , we show the ionization yield of the parent ion as a function of the polarization vector of the excitation beam. Notice that the yield is isotropic, as expected, because of the isotropic distribution of CS 2 molecules in the molecular beam. The data in Figure 4b serve also to confirm that there is no systematic bias in the probability of ion detection as a function of the polarization vector of the excitation field with respect to the time-of-flight axis. A similar isotropic distribution was observed for the CS 2 2+ ion. The angle dependent ionization yield for S + and for C + was measured, and the results are presented in Figure 5 in Cartesian and polar coordinates. The experimental data obtained for three separate runs are depicted as circles, squares, and triangles. The lines are best fitted by cosine or sine functions to the fourth power. Notice that the yield for S + follows a cosinusoidal distribution, with maxima at zero and 180°(see Figure 5a ). The yield for C + ions follows a sinusoidal distribution with maxima at 90 and 270°(see Figure 5b) .
The angle dependent ionization yield for S 2+ and for C 2+ was measured, and the results are presented in Figure 6 in Cartesian and polar coordinates. The experimental data obtained for three separate runs are depicted as circles, squares, and triangles. The lines are best fitted by cosine or sine functions to the fourth power. Notice that the yield for S 2+ follows a cosinusoidal distribution, with maxima at zero and 180°degrees (see Figure 6a) . The yield for C 2+ ions follows a sinusoidal distribution with maxima at 90 and 270°(see Figure 6b) . Notice that the results for the doubly ionized fragments show greater sensitivity toward the angle of the polarization vector of the excitation pulse compared to the case of the singly ionized fragments in Figure 5 . This indicates the doubly charged particles are ejected from a multiply charged parent with more significant bending than that of the singly charged ions.
The ionization data shown in Figures 5 and 6 are consistent with the angular distribution of the fragment ions obtained with a titanium sapphire laser centered at 800 nm. 26, 27 Similarly, we are able to interpret our data in terms of a molecular structure deformation that is consistent with bending. The angular dependence observed in the molecular beam is consistent with the molecular structure deformations measured by the TG method on the neutral molecules. 
C. Alignment and Deformation of Polyatomic Molecules.
In Figure 7 we turn our attention to the behavior of CO 2 molecules under strong field excitation. These experiments were carried out with a titanium sapphire laser centered at 800 nm. For low intensities (Figure 7a ) the rotational recurrence can be fit by a simulation of CO 2 molecules at room temperature with overall signal intensity as the only adjustable parameter. As the laser intensity is increased (Figure 7b-d) , the rotational revival gains in intensity and changes overall shape. Increases in intensity can be directly related to laser induced alignment, while changes in the shape of the revival are directly linked to changes in the molecular structure. On the basis of our simulation, the angle of the deformed CO 2 molecules is 161 ( 0.5°. For stronger fields (Figure 7e-g ) a background signal is observed and the shape of the revival changes substantially. The background is due to ionization and plasma formation, and it is modeled in our simulations by an emission with an exponential decay of shows a maximum ion yield at 0°and 180°, while C 2+ shows a maximum at 90°and 270°. 1 ns, added coherently to the rotational recurrence signal. The presence of a coherent background signal has been observed before in high-intensity four-wave mixing experiments. 43, 52, 53 The rotational recurrences are deformed by interference between the plasma emission and the TG signal. This aspect will be discussed below.
In Figure 8 we analyze the effect of strong field excitation at 620 nm on acetylene. As the laser intensity is increased, the intensity of the rotational revivals increases. Again, this increase is directly linked to laser induced alignment. For the higher intensity data (Figure 8c) , the intensity has increased by a factor of almost 480 and some deformation is observed. Interestingly, the main deformation is a broadening of the first feature of the rotational revival.
Finally, we have explored the structural deformation of benzene as a function of 620 nm laser intensity (see Figure 9) . The data obtained for low intensities (Figure 9a ) can be fit with the spectroscopic parameters of room-temperature benzene. For higher intensity excitation, we do not observe a large change in the amplitude of the features, indicating that the alignment observed is not as substantial as that observed for the linear molecules. Already, for intermediate intensities (Figure 9b ) the first feature in the rotational revival is broadened toward early times; a similar deformation was observed for acetylene. For higher excitation energies, the signal level increases by a factor of 2 and there is substantial molecular deformation that cannot be explained by a coherent background signal.
Discussion
There are usually two views of off-resonance laser induced alignment. The first one involves adiabatic alignment induced by a slowly increasing electric field (long laser pulse) that creates a directional force that traps the molecules in pendular states. 6 As the electric field strength is reduced to zero, the rotational distribution in the sample is restored unaffected; hence, the adiabatic terminology is used. This picture is consistent with experiments involving a nanosecond laser pulse as the source of the strong field. The second view involves an instantaneous "kick" toward alignment, a view that is consistent with the interaction of an ultrashort pulse with supersonically cooled . At low intensity (a), the data (circles) match well the simulation (solid line) based on unperturbed molecules. As the laser intensity is increased (b and c), the first peak of the recurrence broadens, beginning to overlap with the second peak. The factor of 40 in intensity from parts a to c can be explained by an enhanced alignment of the acetylene molecules in the laser field.
molecules. 45 The experiments presented using the TG method at room temperature are in an intermediate regime. Molecules with low angular momentum feel a kick toward alignment, essentially not moving while the field is on. Molecules with high angular momentum are able to rotate on the time scale of the laser pulse, and therefore, their alignment is more consistent with the adiabatic picture. The data shown in the Results section are consistent with alignment induced by strong off-resonance electromagnetic fields. As shown in Figure 1 , the trap depth as a function of peak intensity reaches hundreds of K for lasers with peak intensity ∼ 10 12 W/cm 2 and the resulting alignment of the room-temperature molecules becomes possible.
In addition to alignment, the data presented here are consistent with large molecular structure deformations. In the case of linear molecules, bending can be understood in terms of electronic state mixing. For CS 2 and CO 2 , singlet and triplet excited states are bent. In Figure 10 we show a schematic representation, from a "dressed state" point of view, 54, 55 leading to molecular deformation. Potential energy curves in the absence of external fields are available in the literature. [56] [57] [58] In the figure we show the electronic ground state 59 as dressed by two 620 nm photons and overlapping the bent 1 B 2 electronic state. The ground state wave packet, originally at the equilibrium geometry, evolves within the pulse duration, ∼60 fs, away from linear geometry. Once the field is turned off, the molecules are left with high amplitude vibrational excitation. Therefore, the rotational recurrence indicates a deviation from the linear geometry.
One of the advantages of the TG method to assess molecular deformation following strong field excitation is that the molecular geometry can be measured long after the field has been turned off. The molecules rotate field-free, and their rotational revival reveals the average bent angle (the deviation from linear geometry). In the case of CS 2 , the data are consistent with 35% of the population achieving an average bent angle of 20 ( 0.5°. This value is very close to the measurement from Iwasaki, 25 who determined the average bent angle following strong field excitation of CS 2 by angular dependent ionization to be 18 ( 3°for CS 2 3+ . The angle we have determined (160°) is between the equilibrium angle of the 1 B 2 ( 1 ∆ u ) and 1 A 2 ( 1 ∆ u ) states of CS 2 . 60 We have determined the angle and percentage of the population that is deformed by a series of simulations shown in Figure 11 . In Figure 11a , we show that as the bend angle increases, the rotational revival shifts toward earlier times (the rotational constant B increases). Because only a portion of the population is bent (the 35% value arises from the fact that 72% of the intensity of a Gaussian pulse is contained in the central part of the beam), the rotational revival from all the molecules in the sample needs to be added and then squared to obtain the observed heterodyne detected signal. 37, 40 When we add 35% of bent molecules, we see changes in the resulting signal, as shown in Figure 11b -f. The simulation in Figure 11e fits our data closely, while the simulations in Figure 11d and f do not. Because the TG method is much more sensitive to neutral molecules than ions, because of their greater polarizability, we can also establish that the molecular deformation takes place in the absence of ionization. We have carried out ab initio Figure 9 . Time resolved TG experimental data centered on the first rotational recurrence of benzene, with the probe intensity held constant at 2 × 10 10 W/cm 2 . When the grating intensity is low (a), the data (circles) are in good agreement with the simulation (solid line) assuming unperturbed molecules. At 3 × 10 11 W/cm 2 (b), the first peak of the recurrence broadens, and by 7 × 10 12 W/cm 2 , there is evidence for significant deformation of the benzene molecule. The simulation in part c assumes a symmetric top with a c 3 symmetry axis (ring puckering mode). Figure 10 . Schematic representation of the laser induced molecular deformation process of CS2 molecules based on a dressed state picture. The laser dresses the ground state and brings it close to the excited states having a bent geometry. The wave packet has a short time to evolve in the dressed state potential during the laser pulse. The system returns to the ground state with substantial bending vibrational energy, leading to a deviation from linear geometry and producing a higher rotational constant.
calculations 59 to explore molecular structure changes induced by strong (0.5 V/Å) electric fields. We have found that when the field is perpendicular to the molecular axis, a bent molecular structure is preferred. The potential minimum of the polarized molecule no longer corresponds to a linear geometry but to a bent geometry. We have confirmed this by ab initio calculations for CS 2 in the presence of a strong 0.5 V/Å field. The overall change in the potential energy surface, however, is not large enough to explain the experimental observations.
The bending angle found in the TG data is consistent with the Coulomb explosion data taken in our laboratory with the same laser system. If the molecules remained linear, a case depicted in Figure 12 , the signal from the S + ions would show a marked anisotropy. The anisotropy would result from two situations. When the electric field vector is aligned with the TOF axis, the S + ions are ejected toward and away from the detector. Because of the repeller plate, the fragments that are ejected away from the detector are deflected back toward the detector. This leads to a well-known splitting in the ion signal, evident in the zoomed inset of the mass spectrum in Figure 4 for S 2+ ions, and used in photofragment spectroscopy analysis. 61 Note that molecules perpendicular to the field are not affected by the field and yield no ions. When the field is perpendicular to the TOF axis, the S + ions are ejected at a high velocity in a direction that is perpendicular to the detector. Despite the acceleration voltage, the Coulomb repulsion is significant, and in the time it takes those ions to reach the detector plane (∼4 µs), they are already several centimeters apart and are not detected. For this reason, the S + ions show a distribution that can be simulated by a cosinusoidal function. For linear molecules, the detection of C + ions is not affected by the angle of the polarization vector of the electric field. The predicted detection is therefore isotropic, a fact that is not supported by the data shown in the experimental data in Figures 5 and 6 .
In Figure 13 we consider the angle dependent detection of fragment ions resulting from bent CS 2 molecules. Unless the bending angle is very large, there is almost no change in the anisotropic dependence of the S + ions discussed above for linear molecules; see Figure 13 , top. However, for bent molecules the C + signal becomes anisotropic. The anisotropy results from the following observations, based on the assumption that the bending angle is small and that the polarizability of the molecule remains along the two S atoms. When the electric field vector is aligned parallel to the TOF axis, the bent CS 2 molecules can have the two S atoms along the field or perpendicular to the field. If the molecules are oriented along the field, then the C + ions are ejected in a direction that is perpendicular to the detector and miss it. When the electric field vector is aligned perpendicular to the TOF axis, the bent CS 2 molecules oriented along the field eject C + ions toward the detector and register a maximum signal. When the molecules are oriented perpendicular to the field, the signal is minimal because the perpendicular component of the polarizability is very small for small bend angles. From this analysis so far, it is clear that C + ions are predicted to show anisotropic detection that is perpendicular to that observed for S + ions if the CS 2 molecules are bent. The predicted anisotropic ion signal from the Coulomb explosion from bent CS 2 molecules is shown in Figure 13 . It is difficult to make an accurate determination of the angle from these data without coincidence imaging. A simple simulation of the parallel and perpendicular components of the polarizability as a function of bend angle leads us to estimate the bend angles from the singly and doubly ionized data sets to be 170°and 155°, respectively. The agreement between the findings of Iwasaki et al. using mass resolved momentum imaging (MRMI) and the 800 nm excitation wavelength and our angle determination is good. 25 We attempted to measure the behavior of CS 2 molecules under intense 800 nm radiation using the TG method in a static cell. Unfortunately, we found that for laser intensities of 10 12 W/cm 2 and higher a chemical reaction occurred in the cell and all of the sample in the cell decomposed. After a number of attempts, we abandoned this experiment.
The transient grating method is ideal to measure the signal from neutral species with high anisotropic polarizability. For CO 2 molecules we found the bond angle of the bent species reached 161°; this value should be compared to the 140°d etermined by Hishikawa et al. 21 As the electric field is increased and ionization takes place, the TG signal decreases and gives way to a background signal caused by the plasma. In Figure  7e -g, we showed CO 2 molecules in the presence of an increasingly strong electric field. Notice that the background increases and that the rotational revivals change shape. Under these conditions, the plasma emits a spectrally shifted light pulse (a spark) that provides a local field to heterodyne the TG signal. 52, 62 Under these conditions, the TG signal changes from being homodyne detected to heterodyne detected. 35, 36 We find that the weak heterodyne signal corresponds to linear CO 2 molecules that are practically unaffected by the electric field. It is very possible that this signal arises from molecules outside the main focus of the laser field. Banerjee et al. have explored differences observed in ionization and Coulomb explosion as a function of the electric field intensity profile at the focus of the laser. 22 Their observation of single ionization in the wings of the focus and highly charged species at the center is consistent with our findings, that is, ionization and plasma formation in the focus with a weak signal from unperturbed molecules from the wings.
Molecular deformation in larger molecules is evident in the experimental data presented here. In the case of acetylene, the electronically excited state responsible for its absorption in the ultraviolet region is known to have a staggered (trans) geometry. 63 On the basis of this knowledge, we can determine the deviation angle from linearity by fitting of the experimental data. Our data are consistent with bending of 60 ( 10°, as shown in Figure 14a . Because hydrogen atoms are very light, we are unable to make a more accurate determination of the angle. We have done a similar analysis for benzene in the presence of strong laser fields. The data clearly show a distortion; however, the rotational constant does not change significantly. This implies that the molecule is not stretched in the plane; it is bent out of the plane. The changes are opposite in direction to what would be observed in the presence of a coherent background signal. We attempted to simulate the data by including excited states and ion states of benzene without success. On the basis of the observations, we assume that the molecule assumes a puckered geometry that maintains the molecular symmetry and achieves an angle of 15 ( 3°out of planarity; see Figure 14b . The symmetry of the motion is imposed by the lack of asymmetry rotational recurrences in the transient. Shimizu et al. studied the molecular deformations of benzene under strong field excitation by Coulomb explosion; their molecular dynamics simulations predicted out of plane motion of the carbon atoms. 64 This Raman active out of plane motion with b 2g symmetry couples with some of benzene's forbidden transitions to excited states ( 1 B 2u , 1 B 1u , 1 E 1u , and 1 B 1g ), all of which have lowered barriers for out of plane motion. [65] [66] [67] 
Conclusions
In this paper we have presented a study about the behavior of polyatomic molecules in the presence of strong off-resonance Figure 13 . Conceptual drawing of the Coulomb explosion of bent CS2 molecules when the electric field polarization is parallel or perpendicular to the time-of-flight axis. The detection of S + fragment ions is expected to show a marked anisotropy similar to that observed for the linear molecules. However, the C + fragment ion detection is expected to be anisotropic and perpendicular to that observed for the S + fragment ions. ultrashort laser fields. Our experimental data are consistent with alignment of the molecules. This alignment results from a "kick" induced by the electric field acting on the polarizability of the molecule. Our data provide clear evidence of significant molecular structure deformation resulting from the interaction with the strong field. These observations are consistent with Coulomb explosion measurements from our group and from other groups. 21, 25, 64 Two explanations for this deformation were discussed, one involving excited electronic states with bent geometry, and one dealing strictly with perturbations to the ground state potential. We plan to explore evidence of electronic state involvement by laser induced fluorescence after strong electric field interaction. If the TG measurements are reflecting a large population of excited state molecules, fluorescence from these states should be experimentally observable. Probing for the presence of ground state molecules with significant vibrational excitation will be more difficult because the bending motion is not a Raman active mode. We plan to run more electronic structure calculations with the Piecuch group to explore deformations of the excited states in the presence of strong fields. These efforts will be extended to other molecular systems.
Recent experiments on laser control of photodissociation reactions using shaped pulses require a careful evaluation of the effect of strong off-resonance laser fields on the electronic potentials of molecules. 68, 69 In particular, it is important to determine to what extent these fields align and deform the neutral species. In particular, it would be important to determine if the observed chemistry takes place in the ground or electronic excited states of neutral molecules or if the chemistry takes place after ionization. The study presented here, especially the TG measurements on the neutral molecules, indicates that the electric field can have a major influence on the molecular structure without causing ionization. Our study and that of Banarjee et al. highlight differences caused by the gradient in the electric field intensity of Gaussian pulses, an aspect that has not been addressed in strong field laser control. The temporal envelope of the excitation pulse has not received sufficient attention in studies of molecular deformation. In our case the pulse duration (60 fs) is similar to the bending period of ground state CS 2 . Therefore, during the laser pulse the nuclei have time to move away from linear geometry. Once the field is gone, the ground state potential is restored and the molecule is left vibrationally excited. It would be interesting to explore the effects of pulse duration and excitation with different temporal envelopes. This research could yield methodology to figure out the design of the field to carry out a specific chemical reaction such as isomerization.
In conclusion, the time resolved TG method is ideal to measure molecular alignment and molecular structure deformation induced by strong laser fields. The method provides a high degree of accuracy, and it has been used to determine structural deformation in CS 2 , CO 2 , acetylene, and benzene. It is important to point out that the TG measurement is made by the time delayed probe pulse, which has minimal influence on the molecular system and arrives a long time after the strong field has been turned off. This is in contrast to other ionization-based experiments, where the strong field affects the molecule and releases the charged particles. The TG measurements here are consistent with alignment and bending dynamics that take place in neutral molecules, in the absence of ionization. On the basis of the findings presented here, it will be interesting to explore in more detail the deformation of larger polyatomic molecules.
